Objective: The purpose of the study was to determine the effects of hearing loss and noise on (1) two autonomic nervous system measures associated with stress (skin conductance and heart rate variability) and on (2) subjective ratings of workload/stress. The authors hypothesized that hearing loss would increase psychophysiological and subjective reactivity to noise during speech recognition tasks. Both psychophysiological and subjective indicators of workload/stress were expected to increase with a reduction in signal-to-noise ratio.
INTRODUCTION
The negative effect of hearing loss on spoken language perception is well documented (Studebaker & Hochberg 1993) . There are also indirect effects of hearing loss, such as psychological stress and increased cognitive load that have received more recent attention. For example, hearing loss has been linked to higher levels of chronic stress and job burnout (Hasson et al. 2011 ). In addition, hearing loss has been associated with anxiety (Mohlman 2009 ) and with somatic distress symptoms (Eriksson-Mangold & Carlsson 1991) .
There is also considerable evidence that hearing loss elicits increased cognitive effort during spoken language processing. For example, persons with hearing loss have poorer performance on word recall during recognition tasks than do their normal-hearing peers, even when speech recognition accuracy is good (Rabbitt 1991; McCoy et al. 2005; Tun et al. 2009 ). Similar findings have been reported for narrative recall by Piquado et al. (2012) . In this study, participants with hearing loss were able to recall fewer narrative elements than those with good hearing. However, the effects of hearing loss disappeared when participants were allowed to self-pace (i.e., slow down) the presentation, implicating processing speed as a mitigating factor. Slower responses for persons with hearing loss have also been reported during a sentence comprehension task, even though comprehension accuracy was similar to that of normal-hearing listeners (Tun et al. 2010) . These findings support the view that sensory degradation imposed by the hearing loss may lead to a greater consumption of processing resources to maintain speech perception performance (Pichora-Fuller 2003; Lunner et al. 2009 ).
Cognitive effort may be viewed as one aspect of task-related workload. The term "workload" refers to the actual or perceived energy expended to perform a task. Depending on the task, this may include cognitive, physical, and emotional aspects of workload. A task whose demands exceed available resources may result in reduced performance and psychological distress and may lead to mental and physical exhaustion. The cognitive and emotional aspects of communication-related workload are particularly relevant to individuals with hearing loss.
Cognitive effort and psychological distress are often accompanied by physiological reactions. In response to acute stress, the body undergoes a series of neural, endocrine, and immunological changes. A prominent aspect of this stress response involves changes in the autonomic nervous system. These may include activation of the sympathetic branch (fight or flight response) and suppression of parasympathetic branch (the branch responsible for rest/recovery) (Lovallo 2005) . The autonomic nervous system's response to stress includes changes in cardiovascular, electrodermal, and pupillary activity. Activation to, and recovery from, acute stress is a normal adaptive process. But chronic stress can lead to wear and tear on the body ("allostatic load") that has long-term negative effects on health (McEwen 2008) . Given that persons with hearing loss experience greater cognitive load and higher levels of long-term stress than do persons with normal hearing, those with hearing loss may be especially vulnerable to allostatic load.
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The stressful effects of hearing loss can be assessed using measures of autonomic nervous system activity. For example, hearing-loss effects on psychophysiological reactivity have been reported during speech recognition tasks using the pupil response, considered to be an index of effort (Kramer et al. 1997; Zekveld et al. 2011 ).
In the present study, electrodermal measures and heart rate variability (HRV) were used to evaluate the effects of hearing loss and noise level on physiological reactivity during sentence recognition tasks. The electrodermal measure of interest, skin conductance, reflects the amount of moisture excreted from the eccrine glands. Skin conductance is considered to be an index of sympathetic nervous system activity. Specifically, an increase in skin conductance indicates increased sympathetic nervous system arousal (Dawson et al. 2007 ). Skin conductance has been shown to increase with increased task difficulty for mental and linguistic tasks (Kahneman et al. 1969; Clements & Turpin 1995; Gendolla & Krusken 2001) and in response to psychological distress (Hofmann et al. 2006; Elfering & Grebner 2011) . Skin conductance is also sensitive to emotional responses induced by imagery or films (Kreibig 2010) .
Task-related changes in skin conductance have also been reported for auditory discrimination paradigms (Greene et al. 1979 ) and auditory selective-attention tasks (Dawson & Schell 1982; Dawson et al. 1989; Filion et al. 1991) . More recently, significant increases in skin conductance level have been reported in normal-hearing listeners with increasing auditory task demand, even when performance was at ceiling level (Mackersie & Cones 2011) .
HRV refers to the moment-to-moment fluctuations in heart rate. These fluctuations reflect activity from both the sympathetic and parasympathetic branches of the autonomic nervous system. Inverse relations between task difficulty and HRV have been observed for both visual attention (Moses et al. 2007; Duschek et al. 2009 ) and behavioral inhibition tasks (Mathewson et al. 2010 ). In the auditory modality, there is some evidence of reduced HRV for normal-hearing listeners as noise levels increase during a speech recognition task (Dorman et al. 2012) .
Many investigators use spectral analyses of the varying heart rate to evaluate task-related changes. A fast-Fourier transform is used to convert the interbeat intervals into spectral bands that reflect different rates of change in the heart rate. The lowfrequency band (0.04-0.015 Hz) reflects activity from both the sympathetic and parasympathetic nervous systems, whereas the high-frequency (HF) band (0.15-0.4 Hz) reflects mainly parasympathetic activity (Malik 1996) . The HF component has been linked to both emotion regulation (Appelhans & Luecken 2006; Geisler et al. 2010 ) and executive function (Thayer et al. 2009 ). Specifically, lower emotion regulation and poorer executive function are associated with lower resting HRV.
Ratings scales have also been used to assess perceived workload during different tasks. The National Aeronautics and Space Administration Task Load Index (NASA-TLX) is one such measure (Hart & Staveland 1988) . This widely used index of perceived workload encompasses several domains, including physical (physical demand), cognitive (effort, mental demand), and emotional (stress/frustration) reactions to a task.
The purpose of the present study was to determine the effects of hearing loss and noise on the HF component of HRV (HF-HRV), skin conductance, and subjective indices of task load/stress. Based on evidence that persons with hearing loss experience greater cognitive load than do those with normal hearing, we hypothesized that both subjective and psychophysiological reactivity to noise would be greater during speech recognition tasks for participants with hearing loss. Specifically, we predicted higher skin conductance levels (sympathetic nervous system arousal) and lower HRV (parasympathetic withdrawal) for participants with hearing loss during speech recognition tasks. We also expected higher ratings of effort, mental demand, and stress and lower ratings of performance for participants with hearing loss. In addition, both psychophysiological and subjective measures of stress were expected to increase as the signal-to-noise ratio (SNR) worsened, regardless of hearing status.
MATERIALS AND METHODS

Participants
Eighteen adults with hearing loss and 15 adults with clinically normal hearing were recruited. The sample size was based on power analyses conducted on preliminary HRV and skin conductance data. These analyses indicated that a minimum sample size of 14 participants per group was needed to detect group differences with a power goal of 0.80 and an alpha level of 0.05.
Participants with hearing-loss ranged in age from ages 22 to 79 years (mean 58) and consisted of nine men and nine women with sensorineural hearing loss. All but one participant in this group were hearing aid users. Participants had airbone gaps of 10 dB or less at octave frequencies between 250 and 4000 Hz. Their mean pure-tone thresholds are shown in Figure 1 . The test ear was randomly selected for participants with symmetrical hearing. For participants with asymmetrical hearing loss, the ear with the three-frequency average (500, 1000, and 2000 Hz) closet to 45 dB HL and the smallest hearing loss-slope between 500 and 2000 Hz was selected as these characteristics were most similar to those of the participants with symmetrical hearing loss.
Participants with clinically normal hearing ranged in age from 24 to 78 years (mean 45) and consisted five men and 10 women. Clinically normal hearing was defined as bilateral puretone sensitivity no poorer than 25 dB HL at octave frequencies between 250 and 4000 Hz with no self-reported hearing loss. Eligibility was determined by screening participants at 25 dB HL at octave frequencies between 250 and 8000 Hz. Two participants had mild age-appropriate hearing loss at 6000 and 8000 Hz. For simplicity, we refer to this group as the "normalhearing" group throughout the rest of the article. The test ears were randomly selected in this group.
Stimulus Materials and Measures
Speech and Noise Stimuli • The speech stimuli consisted of digitized female recordings of the City University of New York Sentences sampled at 22.05 kHz with 16 bit resolution Hanin et al. 1988) . Each sentence is a statement, command, or a question consisting of 3 to 14 words.
Competing babble was created by mixing five unique City University of New York sentences spoken by the same talker into a single channel; two of the sentences were reversed to reduce the intelligibility of the mixture. Different samples of babble were mixed with each sentence to avoid participant adaptation because of frozen (unchanging) noise (Felty et al. 2009 ). A total of 27 lists were assembled; each list consisted of 12 sentences with approximately 102 words per list. The onset of the target sentence was delayed by 0.750 sec relative to the onset of the noise. Subjective Measures of Task Load/Stress • Subjective ratings of effort, mental demand, stress, and perceived performance were obtained for each condition using a modified version of the NASA-TLX questionnaire. Two of the original dimensions, physical and temporal demand, were omitted because they are not relevant to simple speech repetition tasks (Mackersie & Cones 2011) . A question related to motivation was added to evaluate its influence on the psychophysiological measures; low motivation has been shown to reduce psychophysiological responses (Capa et al. 2008) . Motivation was expected to be relatively constant across conditions.
The modified NASA-TLX was administered on a 17″ Planar PT 1700 MU touch-screen computer monitor using File-Maker Pro software. Participants were asked to indicate their answers using a 10-point Likert scale, divided into half-point increments. The NASA-TLX questions and their associated categorical anchors appear in Table 1 . Psychophysiological Measurement • Skin conductance, heart rate, and respiration rate were monitored using a Nexus-10 physiologic monitoring system. The battery-operated recording apparatus was wirelessly connected to a laptop via Bluetooth and remotely controlled via the Biotrace+ software (Mind Media 2008). The Nexus-10 was worn on a shoulder strap and rested at the participant's side. Recordings were made simultaneously through three separate channels, each with independent 24 bit A-D converters and DC-coupled amplifiers.
Skin conductance was measured on the participant's nondominant hand using two silver/silver chloride (Ag/AgCl) electrodes attached to cables (NX-GSR1A). The electrodes were placed on opposite sides of the palm over the thenar and hypothenar muscles. During testing, participants were asked to keep their hand facing palm-up to reduce hand movement artifacts. Recordings were made at 32 samples per second in microsiemens.
Electrocardiographic recordings (ECGs) were obtained using three Ag/AgCl electrodes attached to snap-on cables (NX-EXG2B). The ground electrode was placed below the left clavicle, the cathode (−) was placed below the right clavicle, and the anode (+) was placed on the third rib, in line with the ground. Recordings were made at 256 samples per second in microvolts. ECG recordings and interbeat intervals extracted by the BioTrace+ software were manually inspected for artifacts and premature beats. Segments containing artifacts were excluded, and the missing intervals were interpolated from the adjacent interbeat interval values (<1% interpolated). Spectral analysis of HRV was calculated by the Biotrace+ software using fast Fourier transforms parsed into frequency bands, given in units of milliseconds squared (ms 2 ). The HF-HRV (0.15-0.4 Hz) was used as an index of parasympathetic activity.
HF-HRV can be influenced by respiration, especially when the respiration rate is low (Schipke et al. 1999; Song & Lehrer 2003) . Therefore, respiration was monitored to assess the possible influence of respiration rate on HRV measures. Respiration was measured using an elasticized respiration belt (NX-RSP1A) worn over the clothes at the level of the diaphragm. Recordings were sampled at 32 per second and displayed as breaths per minute.
Procedures
Institutional review board approval was obtained from the San Diego State University Human Research Protections Program before any data were collected. Testing was carried out over two sessions, lasting 90 to 120 min each, in a quiet office with an ambient noise level of 35 dBA. Participants were positioned at a 45 degree angle from the tester for the duration of testing. Stimuli were played from a desktop computer, routed into the speech channels of the Grason-Stadler GSI 61 audiometer, and delivered monaurally to an EAR-Tone 3A insert earphone. The nontest ear was occluded with an inactive insert earphone. Most-Comfortable Loudness Procedure • To avoid noise aversion effects, the noise level was set at the most-comfortable level (MCL). The MCL was individually determined for participants with hearing loss using categorical loudness ratings. Two-to three-second samples of the female five-talker speech babble were played in ascending 3 dB steps starting at approximately 10 dB above the participant's pure-tone average (PTA) threshold. After each presentation, participants were asked to rate the stimulus on a scale of two to six (2 = "very soft"; 3 = "soft"; 4 = "comfortable, but slightly soft"; 5 = "comfortable"; 6 = "comfortable, but slightly loud"). Each ascending series was terminated when the participants rated the sound as "6 = comfortable, but slightly loud." The intensity level rated as a five ("comfortable") in at least two trials was selected as the MCL. If a range of intensities was rated as "comfortable," the midpoint of the range was used.
The noise level was fixed at 65 dB SPL for normal-hearing participants. The MCL was confirmed by playing two to three 3 sec samples of noise at 65 dB SPL and asking listeners to rate the loudness. All participants in the normal-hearing group rated this level as "comfortable." Adaptive Threshold Testing • Adaptive speech-in-noise testing was completed during the first test session. The purpose of this test was to equalize performance across the two participant groups in an attempt to regulate task engagement. Conditions that are too difficult can lead to lower task engagement and lower psychophysiological reactivity (Pecchinenda & Smith 1996; Gendolla 1999; Gendolla & Krusken 2001) . After MCL was established, adaptive thresholds were determined using a simple up-down procedure. The sentences were delivered in lists of 20 sentences using custom-written software. The intensity level of the noise remained fixed at the listener's MCL, while the level of the target sentences was adjusted based on the participant's response. If the participant correctly identified all of the words in the sentence (substitution of articles "a/the" was considered acceptable), then the intensity of the target was decreased and a new sentence was presented. If words were missed or incorrectly identified, the level of the target was increased. The initial step size was 4 dB for sentences one through four and was reduced to 2 dB for sentences 5 through 20.
Adaptive thresholds were based on a minimum of two threshold estimates. Each estimate was based on the mean of the reversals (i.e., transition from ascending to descending or descending to ascending levels) at the minimum step size. If the two adaptive threshold estimates differed by more than 3 dB, then an additional estimate was obtained. Mean adaptive thresholds were calculated as the average of the two threshold estimates with the smallest difference between them.
For the materials used in this study, this simple up-down procedure based on the entire sentence repeated correctly yielded a words-in-sentences recognition score of approximately 80%. Mean SNR thresholds from the adaptive procedure were used as the 0 dB relative SNR (relSNR) for the sentence recognition tests completed during session 2. Sentence Recognition Testing • During the second session, one list was administered in quiet and at relSNRs of −6, −3, 0, and +3 dB using AudioCasper software V4.0 (Boothroyd 2010) . For the quiet condition, speech was presented at the listener's MCL. For noise conditions, the noise level remained fixed at the listener's MCL and the speech level was adjusted for each relSNR condition. For example, for a 0 dB relSNR, the speech was presented at the level corresponding to the listener's adaptive threshold; for a +3 relSNR, the speech was presented 3 dB above the level corresponding to the listener's adaptive threshold.
Order effects were controlled using a randomized Latin-Square design. Lists previously used for adaptive testing were not used for the sentence recognition task. One practice list was administered at 0 dB relSNR before data collection began. Recognition scores for each condition were based on the percentage of correctly repeated words for the entire 12-sentence list. Psychophysiological and NASA-TLX Procedures • A 10 min baseline recording was obtained before the speech recognition tasks began and a short postbreak baseline (3 min) was obtained after a break at the mid-point of testing. During the baseline recordings, participants were instructed to sit silently and watch the "Blue Planet" DVD on a 17″ monitor. This DVD was chosen for its low emotional content. The sound was muted and closed-captions were enabled. Baseline recordings were included to allow participants to acclimatize to the experimental setting and to allow the resting physiological responses to stabilize.
Physiological measurements were recorded for the duration of each speech recognition task in Session 2. Immediately after each condition, the NASA-TLX was administered. Physiological recordings were obtained during 90 sec rest (recovery) periods immediately after each administration of the NASA-TLX. During rest, participants were asked to sit quietly and relax. The choice of the recovery interval was based on the use of a 60 sec interval for the standard stress protocol (mental tests) included with the manufacturer's software. The duration was increased to 90 sec to allow additional time for recovery; this intercondition recovery interval is similar to rest periods used by other investigators (Fournier et al. 1999) . Statistical Analysis • Repeated-measures analyses of variance (ANOVA) were used to evaluate the differences among conditions and listener groups. Newman-Keuls post hoc tests were used to examine pairwise contrasts when significant main effects or interactions were detected. A p level of less than 0.05 was considered significant.
RESULTS
Speech Recognition
The mean noise levels corresponding to MCL were 72 dB SPL (SD 6.6) for the participants with hearing loss. The mean adaptive thresholds for the participants with and without hearing loss were 5.2 (SD 0.65) and 3.5 dB (SD 0.71), respectively. This difference approached statistical significance (t(31) = −1.85, p = 0.07). Mean recognition scores for the two groups are shown in Figure 2 . Recall that the relSNRs are referenced to adaptive threshold. As expected, mean recognition scores were similar for the two groups and performance decreased with a decrease in relSNR. The mean speech presentation level in quiet was 75 dB SPL (SD 6.4) for the participants with hearing loss.
Rationalized arcsine transforms of the sentence recognition scores were used for statistical analysis (Studebaker 1985) . A repeated-measures ANOVA using relSNR as a within-subjects factor and hearing status as a between-subjects factor indicated a main effect of relSNR (F(3,93) = 211.13, p < 0.001, η p 2 = 0.87). There was no significant main effect of group (F(1,31) = 1.43, p = 0.24, η p 2 = 0.04) or interaction (F(3,93) = 0.90, p = 0.45, η p 2 = 0.03). These findings confirmed that the mean performance was similar for the two groups.
Psychophysiological Measures
Skin Conductance Reactivity • Normalized skin conductance reactivity z-scores have been suggested in recent electrodermal measurement guidelines (Boucsein et al. 2012) to reduce the effects of individual differences in raw skin conductance values (Ben-Shakhar 1985) . Skin conductance data were normalized for each participant by calculating reactivity indexes (z-scores) referenced to the quiet condition. Statistical features of the BioTrace software were used to extract the means and standard deviations for each condition. Individual z-scores were calculated from the change in skin conductance (noise minus quiet) divided by the standard deviation of the measure. Individual z-scores of greater than 1.96 were considered to show statistically significant reactivity at the 0.05 level. Raw skin conductance means (μS) for each condition can be found in Supplemental Digital Content 1 (http://links.lww.com/ EANDH/A167).
The mean reactivity score averaged across all noise conditions was 1.47 and 8.64 for the participants with normal hearing and hearing loss, respectively. Figure 3 shows skin conductance reactivity as a function of relSNR. It can be seen that mean reactivity is greater for the group with hearing loss, but there is little change in reactivity across relSNRs for either group. A repeated-measures ANOVA indicated a significant main effect of hearing status (F(1,31) = 5.20, p = 0.03, η p 2 =0.14), but no effect of relSNR (F(3,93) = 1.30, p = 0.28, η p 2 = 0.04) or interaction between SNR and hearing status (F(3,93) = 0.05, p = 0.98, η p 2 < 0.01). Because skin conductance reactivity typically decreases with age (Barontini et al. 1997; Gavazzeni et al. 2008) , the analysis was also run using age as a covariate. After accounting for the effect of age, the main effect of hearing status remained significant (F(1,30) = 4.80, p = 0.03, η p 2 =0.14). Heart Rate Variability • HRV data for one participant with hearing loss was excluded because of ECG artifacts. The remaining data were (natural) log transformed to normalize the positive skew in the data distribution. Mean transformed baseline HF-HRV was 6.42 (SD 1.62) and 5.88 (SD 1.66) for the normal-hearing and hearing-loss groups, respectively.
Means for HF-HRV are shown as a function of relSNR in Figure 4 for the two groups of participants. On average, HF-HRV of those with hearing loss decreased systematically as the relSNR decreased. Reduction in HF-HRV was not observed for participants with normal hearing. A repeated-measures ANOVA of the HF-HRV data indicated a significant interaction between hearing status and relSNR (F(3,90) = 3.62, p = 0.016, η p 2 = 0.11). Because HRV typically decreases with age (Schwartz et al. 1991; Wood et al. 2002) , the analysis was also run using age as a covariate to assess possible age-related influences on the results. Age did not contribute significantly to the variance across rel-SNR (F(3,87)= 0.79 p = 0.50, η p 2 = 0.03). After accounting for age effects, the interaction between hearing status and relSNR remained significant (F(3,87) = 3.40, p = 0.021, η p 2 = 0.11). Post hoc tests indicated that the mean HF-HRV of participants with hearing loss was significantly lower than HF-HRV of those with normal hearing at the two lowest SNRs, but not at the two highest SNRs. For the group with hearing loss, the mean for −6 dB relSNR was significantly lower than the means for 0 and +3 dB relSNR, as denoted by the asterisks in Figure 4 . HF-HRV and Respiration Rate • Respiration rate was analyzed to determine if changes in respiration rate reflected the systematic changes observed for the HF-HRV. The mean respiration rates were 17.4 (SD 0.73) and 18.5 (SD 0.67) breaths per min for the normal-hearing and hearing-loss groups, respectively. Across relSNR, breathing rates varied by less than one breath per minute for both groups. A repeated-measures ANOVA confirmed that there was no significant effect of hearing, relSNR, or interaction between these variables. In addition, a second ANOVA of the HF-HRV data was completed using the change in respiration rate between −6 and 0 dB relSNR as a covariate. After accounting for the effects of respiration, the HF-HRV interaction between hearing status and relSNR remained significant (F(3,87) = 3.95, p = 0.01, η p 2 = 0.12). In summary, HF-HRV decreased under the most difficult listening conditions for participants with hearing loss, but not for those with normal hearing. Mean HF-HRV for the hearingloss group was significantly lower than that of normal-hearing group, but only at the two lowest relSNRs. There was no evidence that age or respiration influenced these findings. Individual Differences in Reactivity • Across all SNRs, a significantly larger percentage of listeners with hearing loss had a significant increase in skin conductance with the introduction of noise (61% hearing loss versus 33% normal hearing, Χ 2 = 5.07, p = 0.02). Excluding the highest relSNR noise level (performance near ceiling level), the percentage of participants who were significantly reactive to noise increased to 72% of those with hearing loss, but remained at 33% for the participants with normal hearing. Nevertheless, approximately one-third of the participants with hearing loss did not show significant changes.
To examine whether the degree of hearing loss or other factors may explain this variability, further analyses were completed. Pearson Product-Moment correlations between skin conductance reactivity and two independent variables, age and PTA, were not significant (age: r(17) = 0.31, p = 0.21); PTA: r(17) = 0.28, p = 0.25). In addition, there was no significant difference between reactivity for men and women participants (t(16) = 0.72, p = 0.48). Similar patterns were observed for HF-HRV reactivity. Specifically, there was no significant association between HRV reactivity (between −6 and 0 dB relSNR) and either age (r(17) = 0.15, p = 0.56) or PTA (r(17) = 0.08, p = 0.74). Baseline HF-HRV and Skin Conductance Reactivity • A correlation analysis between baseline HRV and skin conductance reactivity was completed. This analysis was motivated by the established link between baseline HF-HRV (i.e., at rest) and stress susceptibility (Thayer et al. 2012 ). There was a significant negative correlation between baseline HF-HRV (i.e., at rest) and skin conductance reactivity (r(31) = −0.41, p = 0.021). This indicates a tendency for individuals with lower baseline parasympathetic activity (lower HF-HRV) to have higher sympathetic nervous system reactivity to noise (increased skin conductance).
Subjective Measures
The mean ratings of the effort, mental demand (cognitive domains), stress (emotional), and perceived performance are shown as a function of relSNR in Figure 5 . Mean ratings of effort, mental demand, and stress increased as the listening conditions became more difficult, whereas mean ratings of perceived performance decreased. Unlike the psychophysiological measures, however, the ratings were similar for two participant groups.
Repeated-measures ANOVA confirmed a significant main effect of relSNR for each domain (effort: F(3,93) = 31.88, p < 0.001, η p 2 = 0.51; mental demand: F(3,93) = 31.85, p < 0.001, η p 2 = 0.51; stress/frustration: F(3,93) = 17.88, p < 0.001, η p 2 = 0.37; perceived performance: (F(3,93) = 60.26, p < 0.001, η p 2 = 0.66). There was, however, no significant main effect of group or interaction involving group for any of the four domains. For ratings of effort, mental demand, and perceived performance, the post hoc tests indicated that means for all noise conditions were significantly different from one another. For the stress ratings, all noise conditions were significantly different from one another except for the two highest relSNRs, which did not differ significantly.
The motivation ratings were evaluated separately to determine the possible influence on the results. Motivation ratings changed by 0.17 and 0.03 points across the range of relSNRs for the normal-hearing and hearing-loss groups, respectively. A repeated-measures ANOVA confirmed that there were no significant main effects of relSNR or group and no interaction between these variables. In addition, Spearman rank-order correlations between motivation ratings and the psychophysiological variables were not significant. These findings suggest that motivation did not exert a significant influence on the psychophysiological results.
Relations Between Psychophysiological Measures and Ratings
Spearman's rank-order correlation coefficients were used to determine the relations between the psychophysiological measures and the subjective ratings of effort, mental demand, stress/ frustration, and perceived performance. Dependent variables were the skin conductance z-scores and the HF-HRV corresponding to the adaptive threshold (0 dB SNR). As shown in Table 2 , there were no significant correlations between the psychophysiological measures and the four task load domains.
DISCUSSION
Effects of Hearing Loss
Psychophysiological Measures • The findings generally support the hypothesis that listeners with hearing loss experience greater communication-related psychophysiological stress than their normal-hearing peers, when performance is equated. This conclusion is supported by evidence that skin conductance reactivity to babble noise was higher across the range of SNRs for participants with hearing loss. In addition, HF-HRV was lower (consistent with greater task load/stress) for participants with hearing loss at the lower relSNRs, but not at the higher relSNRs. These findings complement results of behavioral studies indicating poorer recall and/or slower processing speed during speech recognition by participants with hearing loss, even when speech understanding was good (Rabbitt 1991; McCoy et al. 2005; Tun et al. 2009; Piquado et al. 2012; ) . Together, these studies suggest that listeners with hearing loss show greater stress-related autonomic nervous system activation and use more cognitive resources to maintain recognition performance than do listeners with normal hearing.
Recall that all but one participant with hearing loss were hearing aid users. Thus, the quality of the speech delivered to the insert earphone was different from the quality they were accustomed to hearing through their hearing aids. Moreover, even though participants were tested at comfortable listening levels and performance was equalized for the two groups, it is likely that HF audibility was somewhat poorer for the group with hearing loss given that frequency shaping (i.e., HF emphasis) was not used. In addition, participants with hearing loss typically have poorer suprathreshold auditory function, such as frequency and temporal resolution, adding further degradation of the neural patterns reaching the brain. Although this degradation was not substantial enough to affect recognition performance once the signal was amplified to a comfortable level, it may have resulted in a greater expenditure of cognitive resources and increased physiological reactivity to noise.
The mean age of the hearing loss group was somewhat higher than that of the normal-hearing group; however, the psychophysiological effects of hearing loss remained significant after accounting for the effects of age in the analyses. This suggests that group differences in psychophysiological reactivity cannot be explained on the basis of the mean age difference between the two groups.
One must also consider the possibility that the participants with hearing loss entered the experiment with higher levels of stress than did the normal-hearing listeners and were therefore more reactive to experimental manipulations. The groups did not differ significantly in baseline skin conductance levels, however. Moreover, group differences in skin conductance reactivity, while present across SNRs, were not observed in quiet. That is, compared to baseline (no task), reactivity to the speech recognition task in quiet was similar for the two groups of listeners (z-SC =4.36 (normal hearing) versus 3.00 (HL); t(31) = −0.97, p = 0.34). Thus, an explanation of higher baseline stress or generalized hyper-reactivity for participants with hearing loss seems unlikely.
Subjective Ratings of Effort/Stress
The hypothesis that participants with hearing loss would show higher subjective ratings of task load/stress than those with normal hearing is not supported. In contrast to the psychophysiological markers, participants with hearing loss did not rate the tasks as more demanding or stressful than participants with normal hearing. Rather, listeners with hearing loss seemed unaware of any extra physiological demand placed on the autonomic nervous system during the sentence recognition task in noise.
It is important to note that the majority of participants with hearing loss had considerable experience with speech recognition tasks during the course of clinical treatment and during earlier participation in research studies. In contrast, most of the participants with normal hearing were naive to speech-recognition-in-noise tasks and had limited experience with clinical and/or research-based hearing assessments. Therefore, it is possible that greater familiarity with the recognition tasks resulted in lower ratings of effort and stress for those with hearing loss than would have been observed using novel tasks.
The present findings are similar to those of other investigators who have shown group differences between task-related psychophysiological changes, but similar ratings of task difficulty/effort across groups (Contrada et al. 1984; Marfil et al. 1999; Zekveld et al. 2011) . Contrada et al. (1984) , for example, reported greater changes in heart rate during a math task for those with type A (stress prone) personalities compared to type B personalities even though there were no significant differences between task difficulty ratings for the groups. Similarly, although Zekveld et al. (2011) reported effects of hearing loss on pupil responses, there were no significant difference between ratings of effort for those with and without hearing loss. The absence of associations between psychophysiological measures and subjective responses in the present study is consistent with other reports in the literature, including the recent work on pupillometry and hearing loss (Miyake 2001; Zekveld et al. 2011) . These results suggest that participants are unaware of the increased resources being activated during the task. Therefore, the psychophysiological consequences of communication demand may be missed if one relies solely on self-report measures of task load/stress.
Effects of SNRs
The hypothesis that both the psychophysiological and subjective measures of stress would increase as the signal-to-noise conditions became more difficult was partially supported. The HF-HRV and skin conductance measures were differentially sensitive to changes in the relSNR. For the group with hearing loss, once activated at a relatively low SNR, skin conductance was uniformly elevated across different relSNRs relative to the quiet condition; however, HF-HRV decreased monotonically at and below relSNRs corresponding to performance levels below 60%. The patterns of sympathetic and parasympathetic activity are known to vary with tasks and individuals (Berntson et al. 1993; Ottaviani et al. 2008) . Thus, it is not know whether the patterns observed in this study are specific to the tasks and/ or conditions used. The skin conductance findings are qualitatively consistent with previous findings showing that skin conductance increased with a small change in task difficulty, but plateaued when the task became more difficult. (Mackersie & Cones 2011) . Based on these limited data, skin conductance may be more sensitive to task difficulty at the upper end of the performance function or lower end of the effort range. However, further work is needed to confirm this suggestion. Baseline HRV and Skin Conductance Reactivity • Although skin conductance reactivity was not related to subjective measures, higher skin conductance reactivity was associated with lower baseline HF-HRV. Given that lower HF-HRV has been linked to lower executive function (Thayer et al. 2009 ), those with lower baseline HF-HRV might be expected to react more strongly to noise to the extent that the speech recognition process engages aspects of executive function (Akeroyd 2008) .
This association is consistent with other studies that have shown relations between baseline HF-HRV and other stress indices (Thayer et al. 2009; Johnsen et al. 2012) . For example, Johnsen et al. (2012) found that participants with low baseline HF-HRV demonstrated increased cortisol secretion (a stress hormone), after completing cognitive tasks. The authors interpreted this as evidence that low baseline HF-HRV is related to increased susceptibility to stress.
Limitations and Future Work
It was not possible to confirm the source of the differences between reactivity for the participants with and without hearing loss because skin conductance and HRV measures are sensitive to both task load and to emotional reactivity. Therefore, increased psychophysiological reactivity to noise may arise as a result of increased listening effort, increased emotional stress from the testing process, or a combination of these factors. Further work is needed to explore the influence of individual and group differences in emotion regulation and coping strategies on psychophysiological reactivity during speech recognition and communication tasks.
The noise used in this study was relatively simple fivetalker babble presented through an earphone to one ear. Further work is needed to examine the effects of different noise types. It is possible that more acoustically complex noise that includes spatial separation would result in increased skin conductance sensitivity to changes in SNR. In addition, although the design controlled for group difference in recognition performance and noise loudness, it did not account for potential differences in the acceptability of the SNRs used. The influence of acceptable noise levels on psychophysiological reactivity merits further study.
The present study employed a conventional speech repetition task. While this procedure is convenient and is widely used in both hearing research and clinical applications, the task does not entail the same level of cognitive or social demand as do true communication interactions. As such, this task may underestimate the level of real-world communication stress. There is a need to develop ecologically valid communication paradigms that entail more realistic cognitive and social demands.
Although it is difficult to directly generalize the laboratory findings of the present study to the problems experienced by persons with hearing loss in everyday life, it is possible that the increased prevalence of chronic stress and fatigue reported in population studies of persons with hearing loss may be linked to communication-related stress. This communication-related stress may lead to chronic overactivation of the physiological stress response under unfavorable listening situations. Further work is needed to examine the associations among these factors.
CONCLUSIONS
On average, participants with hearing loss showed greater sympathetic nervous system arousal (evidenced by increased skin conductance reactivity) and greater parasympathetic suppression (evidenced by decreased HF-HRV) during speech recognition in babble noise than did participants with normal hearing. The effects of hearing loss on HF-HRV were observed only for the two lowest relSNRs, whereas the effects were constant across rel-SNRs for skin conductance. HRV was more sensitive to changes in SNR than skin conductance for the speech repetition task and five-talker babble competition used in this study.
In contrast to the psychophysiological findings, there were no effects of hearing loss on subjective ratings. For both groups, perceived effort, mental demand, stress increased with increased task difficulty and perceived performance decreased with task difficulty. Findings suggest that compared to persons with normal hearing, persons with hearing loss may have increased autonomic nervous system stress responses in noisy environments, even when recognition accuracy and self-reported task load/stress are similar.
